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Abstract 

The newly proposed entropic gravity suggests gravity as an emergent force rather than a fun- 
damental one. In this approach, the Newtonian constant G does not play a fundamental role any 
more, and a new fundamental constant is required to replace its position. This request also arises 
from some philosophical considerations to contemplate the physical foundations for the unification 
of theories. We here consider the suggestion to derive G from more fundamental quantities in the 
presence of a new fundamental length scale /, which is suspected to originate from the structure 
of quantum space-time, and can be measured directly from Lorentz-violating observations. Our 
results are relevant to the fundamental understanding of physics, and more practically, of natural 
units, as well as explanations of experimental constraints in searching for Lorentz violation. 
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The unification of gravitational force with the other three forces in the standard model of 
particle physics is a most intriguing aim of the physicist community. However, explorations 
in this direction have been confronted with severe difficulties, and we are still without a 
satisfactory solution. There have been other attempts to understand gravity as an emergent 
phenomenon based on quantum theory and thermodynamics [l, 2\. Recently, Verlinde pro- 
posed an appealing argnnrent to explain gravity a s an entropic face S from holograph, 
perspectives |4J, |5[. In Verlinde's approach, gravity comes from the tendency of maximizing 
entropy in black hole physics, i.e., gravity is actually an entropic force instead of a funda- 
mental one. He conjectured that the entropy change AS associated with a displacement, 
Ax, towards a holographic screen by a particle with mass m, is 

Trie 

AS = 2nk B ^Ax, (1) 

where c, kg, and ft are the speed of light in vacuum, the Boltzmann constant, and the 
reduced Planck constant, respectively. By utilizing holographic principles and the Unruh 
temperature [6j, Verlinde succeeded in reproducing Newton's second law. By introducing 
a number of used bits on the holographic screen together with the equipartition Ansatz of 
mass M within the holographic screen, he also derived Newton's law of gravity. 

From a logical viewpoint, if the gravitational force represents an emergent force rather 
than a fundamental one, the Newtonian constant G does not play a fundamental role any 
more, but instead, should be considered as a deduced quantity from more basic constants. 
Conventionally, the gravitational constant G is one of the five "God-given" ingredients, 
i.e., c, G, h, ks, and l/47re (where e is the permittivity of free space), to construct 
the Planck units [7|]. In 1899, Planck set the above five constants as bases, and elegantly 
simplified recurring algebraic expressions in physics. The nontrivial non-dimensionalization 
has conceptually profound significance for theoretical physics. There are a number of basic 



quantities in this unit system, such as the Planck length lp = y^Gh/c 3 ~ 1.6 x 10 35 m, the 



Planck time t P = s/Gh/c 5 ~ 5.4 x 1(T 44 s, the Planck energy Ep = ^Hc 5 /G ~ 2.0 x 10 9 J, 
and the Planck temperature T P = ^hc b /Gk B ~ 1.4 x 10 32 K [7]. 

Now if G is removed from the five basic ingredients, we need another fundamental quantity 
to complete the unit system. It can be an energy scale, or a length scale, or a time scale, 
and such a fundamental quantity is necessary to retrieve G as a deduced quantity. We here 



choose a new fundamental length scale I, following a recent suggestion [8 



9J. If Z happens 
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to coincide with Zp, then the unit system remains intact by replacing G with /p. Otherwise, 
there will be conceptual consequences on the unit system. 

On the other hand, there have been many debates on the issue of fundamental units. 
There is a famous trialogue on the number of dimensionful units of fundamental significance 
among Duff, Okun, and Veneziano [lOj. Okun insisted that space, time, and mass are three 
basic physical dimensions which can arise from special relativity (c), quantum mechanics 
(h), and gravity (G) . Among them, "The position of G is not as firm as that of c and h" , 



stated by Okun [lOj]. G, h, and c form a "cube of theories", with vertices denoting our 



understanding of physics related to distinguished physical realities Veneziano argued 
that two fundamental units of space and time, the light speed c and a string length scale 
A s , are both necessary and sufficient to be fundamental in the framework of quantum string 
theory and/or M-theory. However, Duff advocated that all dimensionful units are merely 
conversion factors, and only dimensionless quantities really matter to physical processes. It 
seems that the position of G as fundamental is reasonably doubted by all of the three sides 
in the trialogue. 

It is necessary to mention that, the well-known, widely-used, and globally-adopted in- 
ternational system of units (abbreviated as "SI" from the French "Systeme international 
d'unites"), which possesses seven units, is not relevant to discussions here, because that 
they are actually related to a system of units of measurements, rather than fundamental 
physics. 

Bearing the suspicion of gravity and G as fundamental in mind, let us analyze how G is 
introduced by Verlinde. For a region of mass M enclosed by a spherical surface A = 4nR 2 , 
all information stored on A is assumed to be given by the number of bits [3] 

Ac 3 A 



where G, or equivalently the Planck area Sp = l 2 P [12;], is introduced as a parameter in 
the information assignment process. By adopting the energy equipartition principle, E = 
N ■ ksT/2 = Mc 2 , and the well-known thermal relation, FAx = TAS, Eqs. (JTJ) and (jSJ) lead 
to Newton's gravity law, 



Hence G is identified as the gravitational constant 



a. 



From above, we see that the Planck 



area Sp = Zp, or the Planck length Zp, might be considered as a more basic quantity to replace 



G in the entropic gravity approach [12|. However, here the holographic bits assignment 
process is involved, whose detailed dynamics is yet unknown. Hence lp as the fundamental 
length scale is not decisive; actually, it is quite questionable. The String Theory Committee 
might argue that the string length A s is much more fundamental. Ref. 13( hypothesized 
that gauge symmetry, as well as bosons, can be emergent, and suggested the ultraviolet 
cutoff of fermions, which might be associated with Lorentz symmetry violation, to be basic. 
Rom viewpoints of fennionic vacuum polarization, the cutoff can be as large as in 
the presence of three families of fermions, and 10 8 Ep with five families [13|. Besides, some 
branches of gravity society themselves are also endeavoring in the search for a more basic 
origin of gravity, instead of accepting it as given. Therefore, there are strong motivations 
for a new quantity to replace G as fundamental. 

We here follow the suggestion to introduce a fundamental length scale I, which, from 
dimensional analysis, is proportional to lp, i.e., I = lp/r] jg, 9]. Then from Eq. ([2]), we have 

A 



N 



212 ' 



rfl 



(4) 



We see that rj 2 reflects the relation of the physically fundamental area, I 2 , and the unit area 
needed to store one bit of information from holographic perspectives. 



Consequently, the conventional Newtonian constant G appears to be 

7] 2 l 2 C 3 



G 



h 



(5) 



where it is considered as derived from fundamental constants c, h, and Therefore, G does 
not play a fundamental role as a priori any more in the entropic gravity scenario 9] . 

Worthy to note that, as suggested by Verlinde, after including the Unruh temperature 
T = ha/2-KckB [61, where a denotes the acceleration of motion, the second law of Newton, 

Einstein equations are also obtained [3[, in a similar way with an analogy between general 
relativity and thermodynamics [l4| . 

Now let us turn to our main concern on the relation between G and I. Naively speak- 
ing, r) is "defined" in Eq. and reflects the dynamics of information assignment onto the 
holographic screen. It plays a role of some unknown principles of storing information 9]. 
Once the procedure of digital storage onto holographic screens is well understood, it is prac- 
tical to calculate rj from certain holographic rules. However, nowadays, due to the imperfect 



knowledge of the holographic mechanism, we cannot get its value theoretically, even through 
evaluation. Fortunately, it can be settled through Lorentz violating experiments 9j, after 
we identify it to be related to the minimal structure of quantum space-time, or equivalently, 
quantum gravity. The indeterminate value of r] influences the fundamental length scale I 
and the corresponding energy scale E, as well as explanations of experimental data in the 
search of Lorentz symmetry violation. 



The search for Lorentz violation has energetically lasted for more t 
no definite deviation from special relativity is yet confirmed 



15 



ran ten years; however, 



16] . Hence one begins to 



doubt the possibility and reasonableness of Lorentz violation. If the arguments above turn 
out to be valid, a new fundamental length scale I can be introduced; then the conventional 
"criterion", i.e., the Planck quantities lp and Ep, should be modified. In the case of large 
rj, e.g., t] > 10 8 , most constraints from astrophysical and laboratory observations can be 
compatible to Lorentz symmetry violation with linearly modified terms. As another merit, 
the Lorentz- violating research has already validated plenty of experiments and observations 
to explore the relevant energy scale. Thus it appears a promising strategy to determine the 
fundamental length scale / through Lorentz violation, e.g., time delays of high energy photons 



relative to low energy ones 
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-|23j|. the reaction patterns of ultra-high energy cosmic rays 



and TeV 7-rays with background low energy photons, and the instances of some forbidden 



reactions 



m 



16 



20). 



Conventionally, lp represents a fundamental quantity in the search of quantum gravity 
Actually, it is used as a "criterion" to justify quantum gravity phenomenons 15l-l25|. For 
example, in Ref. 22j, the Fermi GBM/LAT Collaboration estimated the quantum gravity 
energy scale from time delays of high energy photons of a 7-ray burst, GRB 090510, to be 
larger than the Planck energy Ep. It was argued to rule out the linear energy dependence 
of Lorentz- violating modifications on the speed of light. However, if the referenced energy 
scale is some orders larger in magnitude than Ep, their conclusion would not be valid. In 
that case, the experimental implications on whether to rule out linear quantum-gravitational 
modifications on the light speed should be re-explained. 

It is clear that 77 — ^ 1 leads to / — > lp. However, according to discussions above, 7] 
is not protected to be around unit. The possibility that 77 is far away from unit is not 
theoretically forbidden from holographic viewpoints, and other theoretical considerations 
(see, e.g., Ref. 13| for a rather large t] ~ 10 25 in presence of three families of fermions, and 
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i] ~ 10 8 in presence of five families of fermions). For a generic r] ^ 1, we have a new length 
scale I for reference instead of the conventional Zp, as well as a new energy scale E = he/ 1 
instead of Ep. Experimentally, the positions of h and c are more firm than that of G, so we 
here adopt them as intact. To do comparisons more conveniently, we write the new scales 
in terms of conventional Planck scales, 

I = l p / v , E = V E P . (6) 

If 77 = 10 8 , then I = 10~ 8 Zp and E = 10 8 Ep. This represents an illustrated case where the 
space needed to store per piece of information is rather larger than the physically fundamen- 
tal area I 2 , i.e., 10 16 / 2 = Sp for one bit. However, the situation is possible (reasonable) in 
reality, maybe ascribing to the poor quality of physical (foamy) areas for storing holographic 
information. 

Now let us further discuss the physical implications of the newly introduced I. The most 
likely scenario to accommodate such a fundamental length scale is the space-time foam con- 
jecture, firstly suggested by Wheeler in nineteen fifties 26]. It is a speculative extension 
of the space-time concepts with hypothesis of the coexistence of the matter-geometry in- 
terrelation and the uncertainty-principle-induced high-energy virtual particles at very short 
distances. As the length scale approaches /, the classically continuous description of space- 
time breaks down, and novel quantum gravity theories are needed to complete a consistent 
description of physical processes. Here, the proposed I can be the physically smallest scale 
of space-time structure. For a concrete example, I can be explained as the scale where the 
space-time coordinates fail to commute, as in the non-commutative quantum field theo- 
ries 0. 

However, another puzzle raises here immediately. Due to the well-known Lorentz- 
Fitzgerald contraction in the special relativity, we would expect frame- dependence of I, 
which threatens its "fundament ality" . There are two possibilities to remedy this problem, 
and both are extensively studied in the Lorentz-violating literatures; however, both are still 
controversial jlol . The first is that, indeed, I depends on the choice of frames, and it 
transforms between different frames according to some laws (not necessary to obey the con- 
ventional Lorentz transformation and the symmetries of Poincare group). When the relevant 
length scale is far larger than I, the transformation laws become coincident with Lorentz 
transformation. The "fundamentality" of I relies on the existence of a preferred frame, which 
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is often chosen as the frame where the cosmic microwave background is isotropic. Only in 



this preferred frame, observations agree on the fundamental value of I [15|, [16]. The other 
possibility is that observations within different frames agree on the same value of I. A theo- 
retical framework to be compatible with such an extra physical constant is realized in doubly 



special relativity, firstly proposed by Amelino-Camelia [24], [25l l28| . In this framework, all 
observers situated in different inertial frames agree on two fundamental quantities; the speed 
of light c and a length scale Ibsr- Here we identify Zdsr as the I discussed in the present 
paper. The "fundamental" meaning of I is relativistic, even better achieved conceptually. 
Its position is the same as the speed of light c in the special relativity; hence, I and c share 
the same conceptual significance in this approach. 

From experimental aspects, Klinkhamer suggested four kinds of experiments to determine 
different physical quantities, I and rj (or alternatively, G) [9]. The traditional and modern 
versions of the Cavendish experiment can measure the Newtonian coupling constant G oc 
rfl 2 . A complementary way to disentangle i] and I comes from the mentioned Lorentz- 
violating research, where a separated determination of I, or alternatively E in Eq. ([6]), can 
be achieved from the modified energy-momentum dispersion relation 15M25I]. The last two 
experiments considered in Ref. [<J are gedanken experiments from primordial gravitational 
waves and a logarithmic correction of the entropy, which can probe an isolated /, and, if 
proven correct and becomes practical, they can serve as consistent checks to the above two 
practical means. 

In summary, from Verlinde's conjecture that gravity is an emergent force rather than 
a fundamental one, the Newtonian constant G can no longer function as a fundamental 
constant. The request also merges from other ideas through contemplations on physical 
foundations towards unification. Then it is natural to suggest a fundamental length scale 
/ to replace the position of G. Such an I can be explained as the smallest length scale of 
quantum space-time, and its value can be measured directly through searches of Lorentz 
violation. 

In principle, / can be far away from the conventional Planck length, lp ~ 1.6 x 10~ 35 m. 
The actual value of I has consequences in many physical aspects, especially in the search 
of quantum gravity theories and ultimate understanding of the structure of quantum space- 
time. The "rescaling" of I from lp can be understood through the detailed mechanism of 
assigning bits of information onto holographic areas in the entropic gravity approach. The 
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rescaling of the fundamental length scale of quantum space-time influences the conclusions 
drawn from Lorentz-violating studies. The related experiments to disentangle the involved 
physical quantities are also discussed, and the ones from Lorentz-violating aspects are rather 
promising. It also can provide new perspectives on the fundamental issue of basic space-time 
units, hence the whole system of "natural units" . 
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